ABSTRACT We describe an apparatus that combines microelectrophoresis and laser trap technologies to monitor the activity of phosphoinositide-specific phospholipase C-␦ 1 (PLC-␦) on a single bilayer-coated silica bead with a time resolution of ϳ1 s. A 1-m-diameter bead was coated with a phospholipid bilayer composed of electrically neutral phosphatidylcholine (PC) and negatively charged phosphatidylinositol 4,5-bisphosphate (2% PIP 2 ) and captured in a laser trap. When an AC field was applied (160 Hz, 20 V/cm), the electrophoretic force produced a displacement of the bead, ⌬x, from its equilibrium position in the trap; ⌬x, which was measured using a fast quadrant diode detector, is proportional to the zeta potential and thus to the number of PIP 2 molecules on the outer leaflet (initially, ϳ10 5 ). When a solution containing PLC-␦ flows past the bead, the enzyme adsorbs to the surface and hydrolyzes PIP 2 to form the neutral lipid diacylglycerol. We observed a nonexponential decay of PIP 2 on the bead with time that is consistent with a model based on the known structural properties of PLC-␦.
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INTRODUCTION
We have constructed an apparatus that is capable of rapidly and accurately monitoring the activity of enzymes that modify the charge of their membrane-bound substrates and used it to study the well-characterized enzyme phosphoinositide-specific phospholipase C-␦ 1 (PLC-␦). As shown in Fig. 1 A, we used a focused laser beam to trap a small silica bead coated with a phospholipid bilayer. The bilayer coating the bead comprises a mixture of the zwitterionic lipid phosphatidylcholine (PC) and the negatively charged lipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ), which is the membrane-bound substrate of PLC-␦. Application of an electric field exerts an electrophoretic force, F el , that produces a displacement of the bead, ⌬x, from its equilibrium position in the trap. By calibrating the trap and determining its stiffness, or spring constant, , we can calculate the electrophoretic force exerted on the coated bead by the field, F el ϭ ⌬x. Control experiments show, as predicted theoretically, that F el is proportional both to the applied electric field and to the zeta potential, the electrostatic potential at the shear plane adjacent to the coated bead. To a good approximation, the zeta potential is proportional to the number of fixed negative charges (PIP 2 ) on the outer leaflet of the coated bead (initially n Ϸ 10 5 ). Fig. 1 B shows a small portion of a bilayer-coated silica bead with a single adsorbed PLC-␦. PLC-␦ adsorbs to the membrane mainly because of a high-affinity association of its pleckstrin homology (PH) domain with PIP 2 (see Appendix I). The active site in the catalytic domain of a membrane-bound PLC-␦ then hydrolyzes PIP 2 . As shown schematically in Fig. 1 B, this hydrolysis produces two biologically important second messengers: the electrically neutral lipid diacylglycerol remains in the membrane, and the negatively charged headgroup (inositol 1,4,5-trisphosphate (IP 3 )) diffuses away from the bead. Thus hydrolysis of PIP 2 by PLC-␦ reduces the charge on the outer leaflet of the coated bead and, concomitantly, its displacement in the applied field. We monitor the number of PIP 2 molecules on the bead as a function of time after exposure to PLC-␦ by measuring ⌬x. Fig. 2 illustrates the apparatus we constructed to make these measurements. As described in more detail in Materials and Methods, we used a tightly focused beam of light from a Nd:YAG laser to trap a bilayer-coated silica bead (filled circle) at the intersection of the main and crosschannels in the chamber. The image of the trapped bead is projected onto a fast quadrant diode, which monitors the motion of the bead. Analysis of the Brownian motion of the bead allows us to determine both the sensitivity of the detector (voltage output/displacement) and the stiffness of the laser trap (displacement/force). The theoretical and experimental aspects of constructing a trap suitable for use with a small silica bead have been considered in authoritative reviews (e.g., Ashkin, 1997; Svoboda and Block, 1994) and monographs (e.g., Sheetz, 1998) ; the use of a quadrant diode to monitor the motion of the bead is discussed by Mehta et al. (1998) ; and analysis of the power spectrum of the Brownian motion of a small bead in a laser trap is treated in a clear, pithy manner elsewhere Svoboda and Block, 1994) .
Applying an AC voltage through the electrodes produces an electrophoretic force (F el in Fig. 1 A) that displaces the bead; we monitor the displacement, ⌬x, by analyzing the power spectrum as we discuss in Materials and Methods. When we open the valves on the cross-channel and apply a pressure gradient to the fluid in it, PLC-␦ flows from the enzyme reservoir past the coated bead in the trap (Fig. 2) . The enzyme binds to the coated bead and hydrolyzes PIP 2 , reducing the net charge on the outer leaflet of the bilayer (Fig. 1 B) and, thus, the displacement that we measure. Several design aspects of the chamber shown in Fig. 2 were crucial for the success of the field/trap experiment, and these are described in some detail in Materials and Methods because we know of no other work in which microelectrophoresis and optical tweezers were used to measure enzyme activity.
The experiment we describe is similar in principle to the classical Millikan oil drop experiment. Millikan (1917) bal-FIGURE 1 Principle of operation of the field/trap apparatus. (A) Sketch of a bilayer-coated silica bead (blue sphere) in a laser trap (yellow) exposed to an electric field. Applying an electric field via the electrodes (black rectangles with ϩ and Ϫ signs) produces an electrophoretic force (F el ) on the bead due to the fixed negative charges (PIP 2 ) on the outer leaflet of the bilayer. This force causes a displacement (⌬x ϭ 10 -100 nm) of the bead from its equilibrium position in the tightly focused laser beam. (B) Sketch of a small portion of the 500-nm-radius silica bead (blue) coated with a phospholipid bilayer consisting of 98% PC (zwitterionic lipids with white polar headgroups) and 2% PIP 2 (acidic lipids with red headgroups). The bilayer thickness is ϳ5 nm, and the adsorbed PLC-␦ 1 enzyme (green) is drawn to scale from the known structures of the PH domain and the remainder of the molecule, which contains a catalytic (Cat) domain. The hydrolysis of negatively charged PIP 2 produces electrically neutral diacylglycerol (decapitated lipid below arrow), which remains in the membrane. The negatively charged headgroup, inositol 1,4,5-trisphosphate (IP 3 ; red circle in aqueous phase), diffuses away from the bead. Laser Tweezers and Enzyme Kineticsanced the gravitational force on a charged oil droplet with an opposing electrical force. The method was sufficiently sensitive to measure accurately the charge of a single electron adsorbed to the oil droplet. In our case, a focused beam of laser light rather than gravity exerts the non-electrical force on the bead. A more important difference is that our coated bead is in an electrolyte solution, whereas Millikan's oil droplet was suspended in air between two capacitor plates. Application of an electric field not only exerts a direct electrical force on the coated bead due to the fixed negative charges (PIP 2 ) on the outer leaflet, but also induces a flow of fluid adjacent to the bead that produces an opposing force (electrophoretic retardation). The fluid flow occurs because the applied field exerts a force on the counterions in the diffuse double layer (thickness of ion atmosphere Ϸ Debye length, ), which is transferred to the adjacent fluid. The physics describing the electrophoresis of a large (radius Ͼ Ͼ ) sphere is well understood (e.g., Overbeek and Wiersema, 1967; Hunter, 1981) ; Helmholtz and Smoluchowski made major contributions to our understanding of electrokinetic phenomena a century ago. We use the Helmholtz-Smoluchowski equation, which gives the proportionality constant between the steady-state velocity of a free charged particle and the magnitude of the applied electric field, together with the Stokes relation (see below) to express the net electrophoretic force exerted by the applied electric field on the coated bead in our laser trap.
We chose PLC-␦ for our initial studies with the field/trap apparatus for three primary reasons. First, the enzyme is important biologically; it cleaves PIP 2 to produce two second messengers, diacylglycerol and inositol 1,4,5-trisphosphate, which contribute to protein kinase C activation by different mechanisms (see, e.g., Berridge, 1993; Clapham, 1995; Hurley and Grobler, 1997; Newton, 2000; Hurley and Misra, 2000; Rhee et al., 2000) . Second, the structure of the enzyme is known. PLC-␦ comprises, in sequence from the N terminus, PH, EF hand, catalytic, and C2 domains. The structures of the PH domain complexed with IP 3 and the remainder of the enzyme Grobler et al., 1996) have been determined by crystallography; the structure of the region linking the PH domain to the remainder of the molecule is unknown. Tracings of the PH domain and remainder of the molecule are juxtaposed in Fig. 1 B to illustrate the size of the enzyme relative to the bilayer. Third, the molecular mechanism by which the enzyme hydrolyzes PIP 2 is well understood (Hondal et al., 1998 , and references therein). PLC-␦ catalyzes hydrolysis of the O-P bond connecting inositol to diacylglycerol. The PLC-␦ 1 active site is a shallow cavity located at one end of the catalytic barrel . Substrate binds to the active site through a network of hydrogen bonds and salt-bridges that ligate the inositol ring substituents, explaining the preference for PI(4,5)P 2 . An essential calcium ion also binds to the active site and is thought to both lower the pKa of the attacking hydroxyl and disperse the negative charge of the transition state (Essen et al., 1997) .
In contrast to our detailed understanding of the structure and function of PLC-␦, we know relatively little about its behavior on membrane surfaces. Previous work employed phospholipid vesicles containing PIP 2 to study PLC-catalyzed reactions, but the progress curves (percent PIP 2 hydrolyzed versus time) are difficult to interpret because of two factors that can limit the reaction rate: the exchange of enzyme between surfaces and inhibition by the IP 3 product. The field/trap apparatus we describe eliminates these complications. First, measurements are made on a single coated bead, so there is no problem with exchange of PLC-␦ between different surfaces. Second, the flow of fluid past the bead rapidly sweeps the IP 3 product away from the bead surface, so it does not inhibit the enzyme. The time for diffusion through the unstirred layer (thickness Ϸ radius of bead) adjacent to the bead is negligible (ϳ1 ms), and measurements can be made rapidly (initial mixing time and time resolution Ϸ 1 s). We compare the progress curves obtained using the field/trap approach with the predictions of a simple kinetic model and then discuss how the field trap apparatus might be used to study the activity of single molecules of PLC-␦ and other enzymes that modify the surface charge of phospholipid bilayers.
MATERIALS AND METHODS

Preparation of bilayer-coated silica beads
Silica beads (0.99 Ϯ 0.05 m diameter, 2% solids; Duke Scientific, Palo Alto, CA) were bath sonicated in methanol, centrifuged, resuspended in 1 N KOH, bath sonicated again, and then washed more than five times in deionized water. Palmitoyloleoyl-phosphatidylcholine (PC, 25 mg/ml in chloroform; Avanti Polar Lipids, Alabaster, AL) was mixed with 2 mol % of the ammonium salt of phosphatidylinositol 4,5-bisphosphate (PIP 2 , 4 mg/ml in chloroform; purified as described in Morris et al., 1995) and an extra 0.6 ml of chloroform in a 50-ml round-bottom flask. (It is important to use the ammonium salt of PIP 2 ; the sodium salt is less soluble in chloroform, does not form a uniform film with PC when dried, and results in a nonuniform distribution of PIP 2 between PC/PIP 2 vesicles when the film is hydrated (Toner et al., 1988) .) The solution was dried rapidly in a rotary evaporator under vacuum (ϳ100 mbar) maintaining the flask at ϳ30°C in a water bath, which allows formation of a uniform lipid film and prevents the lipids from phase separating during removal of the solvent. We removed all traces of the chloroform solvent, which can catalyze breakdown of lipids during sonication, by maintaining a hard vacuum (ϳ10 mbar) for at least 2 h. We formed multilamellar vesicles by adding 2.5 ml of water and swirling the flask and then sonicated the suspension to clarity with a tip sonicator. The sonication step, which required ϳ10 -20 min, was performed with the vessel in a 10°C water bath using sonication cycles of 10 s on followed by 30 s off to minimize local overheating and concomitant breakdown of PIP 2 , which is more sensitive to breakdown under sonication than most lipids. The sonicated unilamellar vesicles (SUVs) were separated from any residual multilamellar vesicles and titanium fragments by ultracentrifugation at ϳ100,000 ϫ g for 30 min (Barenholz et al., 1977) , and the upper two-thirds of the supernatant was retained. An excess of freshly prepared SUVs was mixed with freshly washed silica beads in water, and 1-2 M CaCl 2 was added to promote fusion of the vesicles onto the beads. Beads were allowed to sediment, a process that required several hours, and the supernatant was replaced by a solution containing 10 mM HEPES, 300 M EGTA, 200 M CaCl 2 (free Ca 2ϩ Ϸ 0.5 M as measured directly with an electrode), pH 7.0. The ionic strength of the final solution was ϳ3.5 mM, producing a Debye length of Ϸ 5 nm.
Flow chamber
The chamber is designed as a sandwich assembly consisting of (from bottom to top) a glass coverslip (60 ϫ 24 mm), thermoplastic foil (Xiro, Schmitten, Switzerland), a microscope glass slide (60 ϫ 24 mm) with four holes to access the channels, and a polycarbonate supporting block (90 ϫ 26 mm). Cuts in the thermoplastic foil form the rectangular cross-channel system between the two glass slides; each channel is 1.5 mm wide and ϳ90 m high. The main channel (48 mm long) has platinum black electrodes connected at both ends and is used for electrophoresis. The cross-channel, which was ϳ14 mm long and perpendicular to the main channel ( Fig. 2) , was used to inject the PLC-␦ solution. Liquid flows in only one channel at a time; flow is controlled by varying the hydrostatic pressure independently using micrometer screws to adjust the heights of the hydrostatic pressure reservoirs. The reservoirs are connected with the chamber via Teflon (PTFE) tubing and Teflon valves; control measurements showed that PLC-␦ does not adsorb significantly to PTFE tubing. We preloaded PLC-␦ (1-10 nM) in a PTFE tubing loop before it was connected to the side port, flushed the system with the PLC-␦ solution to minimize the dead time (time required for the concentration of PLC-␦ in the solution flowing past bead to increase to 90% of its final value; ϳ1 s), and then washed the PLC-␦ out of the intersection by flowing fluid through the main channel. This flow continued until a bead was trapped, and then all flow was stopped. After initial measurements of the zeta potential of the bead, the side port was opened and the PLC-␦ solution flowed past the bead.
We minimized loss of enzyme during the experiment by coating the entire inside glass surface of the measuring chamber with a bilayer of PC before each day's experiments; PLC-␦ binds strongly to glass but does not bind significantly to PC bilayers (Rebecchi et al., 1992) . Coating the chamber with electrically neutral PC also minimizes electro-osmosis, the field-induced flow of fluid adjacent to a charged surface (Hunter, 1981) . Coating involved injecting SUVs composed of PC plus 0.1% NBD-PC in 50 mM NaCl, 5 mM Tris, pH 8 (Groves and Boxer, 1995; Groves et al., 1998) and then removing excess vesicles by extensive rinsing with water. (The PC-coated chamber was typically used for one day's experiments. The glass chamber can be reused if it is cleaned with a detergent solution and then washed extensively with water before applying a fresh PC coat.) The quality of the PC coating was checked optically by fluorescence microscopy and indirectly by measuring the apparent electrophoretic mobility of electrically neutral PC multilamellar vesicles under low-salt conditions. When the coating was satisfactory, the velocity of the PC vesicles in an applied DC electric field was zero at all distances from the surface. We minimized any possible effects of electro-osmosis by trapping a bead ϳ20 m from the surface, the location of stationary layer for this rectangular chamber (Hunter, 1981) . This distance also is far enough from the surface to render hydrodynamic drag effects unimportant (Faxen's law), as discussed elsewhere (Svoboda and Block, 1994) .
Experimental protocol
In a typical experiment (e.g., Fig. 6 ), we used hydrostatic pressure to flow coated beads into the main channel while the cross-channel, which had been preloaded with the PLC-␦ solution, remained closed. The focused laser beam at the intersection of the two channels trapped a coated bead (Fig. 2) , and we determined the zeta potential by applying a 160-Hz AC field, as described below. We monitored the zeta potential with the AC field for ϳ100 s to ensure it was constant and then closed the main channel and flowed the PLC-␦ into the side channel at a constant rate. The cross-channel solution contained 10 mM HEPES, 300 M EGTA, 200 M CaCl 2 , free [Ca 2ϩ ] Ϸ 0.5 M, 2 mM dithiothreitol, pH 7, and typically either 0, 1, 3, or 9 nM PLC.
Phosphoinositide-specific phospholipase C-␦ 1
Human PLC-␦ was expressed in BL-21(DE3) strain of Escherichia coli using the pET3a vector as described previously (Tall et al., 1997) . PLC-␦ activity was monitored during purification using a detergent/PIP 2 mixedmicelle assay (Cifuentes et al., 1993) . We calculated the PLC-␦ concentration based on absorption at 280 nm using a molar extinction coefficient of 116,000 M Ϫ1 cm Ϫ1 (Tall et al., 1997) .
Instrumentation
As illustrated in Fig. 2 , a 300-mW diode-pumped Nd:YAG laser (Coherent, Lübeck, Germany) was steered into an axiovert 135 TV Zeiss microscope outfitted with an oil-immersion objective (Plan-Neofluoar, 100ϫ, 1.3 NA; Carl Zeiss, Oberkochen, Germany). The laser beam was refocused by a condenser and imaged on a Hamamatsu quadrant diode S5981 (Hamamatsu City, Japan) to measure the position of the bead. The electronic bandwidths of both the quadrant diode and the current-voltage converter are Ͼ70 kHz. The amplified signal from the diode was digitized at 16 kHz (National Instruments PCI-Mio-16E4, Austin, TX), fast Fourier transforms of the signal were computed continuously at 1-s intervals for time sequences of 500 ms (8192 data points), and the corresponding power spectra were saved.
Power spectrum analysis
As described in standard reviews (e.g., Gittes and Schmidt, 1998) , the voltage power spectrum S V (f) measured with the quadrant diode is proportional to the displacement power spectrum of the bead in the trap:
, where ␤ is termed the detector sensitivity, f is frequency, and x is distance. We calibrated the trap by obtaining values for both the detector sensitivity, ␤, and the trap stiffness, , the proportionality constant that relates the displacement of the trapped bead from its equilibrium position (in Fig. 1 , ⌬x ϭ x Ϫ x 0 , where x 0 is the equilibrium position) to the electrophoretic force, F el ϭ ⌬x. We did this by analyzing the power spectrum due to the Brownian motion of the bead without an external AC field. As discussed elsewhere, the Brownian motion of a bead near the center of an optical trap is described by the Langevin equation (e.g., Svoboda and Block, 1994; Gittes and Schmidt, 1998) :
where F stoch(t) is the random thermal force and
denotes the Stokes drag coefficient for a sphere of radius r moving in a fluid with viscosity . As illustrated in Fig. 3 A, the corresponding power spectrum is of Lorentzian form:
where k B is the Boltzmann constant, T is the temperature, and
is the corner frequency. The corner frequency divides the Brownian motion into two regions. When f Ͻ Ͻ f c , the power spectrum is constant and the silica bead experiences the confining force of the trap. When f Ͼ Ͼ f c , the power spectrum decays as 1/f 2 , as is the case for free diffusion; at these short times the silica bead does not experience the confining force of the trap. The spectrum shown in Fig. 3 A is similar to those reported in the literature (e.g., Fig. 4 of Gittes and Schmidt, 1998) .
We determined the value of ␤, the detector sensitivity, from an uncalibrated voltage power spectrum, such as the one illustrated in Fig. 3 A, by multiplying the spectrum by f 2 and noting the plateau value, P V , for f Ͼ Ͼ f c . As described elsewhere (Allersma et al., 1998) ,
We determined the corner frequency from a least-squares fit of the power spectrum data, such as shown in Fig. 3 A, with a Lorentzian function. The stiffness of the trap, , was then determined directly from Eq. 4 (Florin et al., 1998 ) using the measured value of the corner frequency and value of the Stokes drag coefficient, ␥, calculated from Eq. 2 using the known radius of the bead (r ϭ 500 nm).
Once the trap was calibrated, we could measure the displacement of the bead produced by application of a known electric field. Application of an AC field (maximum field, E 0 ϭ 100 V/4.8 cm; f ext ϭ 160 Hz) causes the charged bilayer-coated bead to oscillate in the trap. (Theory predicts and experiments confirm that neither the charge on the inner leaflet nor the silica bead has a significant effect on the zeta potential; only the charges on the outer leaflet sense the applied potential. This follows because the capacitance of the membrane is only ϳ2% of the capacitance of the diffuse double layer.) The oscillation manifests itself as a peak in the displacement power spectrum shown in Fig. 3 B at the applied frequency f ext . The peak height in Fig. 3 B is proportional to the square of the maximum displacement of the bead in the trap. The potential near the center of an optical trap is harmonic, so the displacement of the bead in the trap, ⌬x, is proportional to the applied electrophoretic force (F el in Fig. 1 ) divided by the product of the trap stiffness, , and a damping factor (Svoboda and Block, 1994) ⌬x ϭ
For the bilayer-coated silica bead illustrated in Fig. 3 B, the corner frequency is 350 Hz, and the frequency of the applied field is 160 Hz; the damping factor represents only a 10% effect. When an electric field, E, is applied to either a phospholipid vesicle or a bilayer-coated silica bead, the Helmholtz-Smoluchowski equation relates the steady-state velocity, v, to the zeta potential, , the potential at the hydrodynamic plane of shear, which is ϳ0.2 nm from the surface of a bilayer (McLaughlin, 1989) :
where is the viscosity of the solution, ⑀ r is the dielectric constant, and ⑀ o is the permittivitiy of free space. Eq. 7 is derived in standard sources (e.g., Overbeek and Wiersema, 1967) and is valid when relaxation effects are negligible; relaxation effects arise because the applied electric field perturbs the spherical diffuse double layer of counterions around the negatively charged coated bead. Theory predicts relaxation effects are negligible for our experimental conditions because the radius of the bead (r ϭ 500 nm) is much larger than the thickness of the double layer (Debye length Ϸ 5 nm) and the zeta potential ( Ϸ Ϫ50 mV) is not too high (e.g., O'Brien and White, 1978; Hunter, 1981) . Experiments confirm relaxation effects are indeed negligible for our experimental conditions; specifically, does not change as the radius of multilamellar vesicles increases to values 10-fold greater than the radius of the coated beads (data not shown).
Although we use Eq. 7 to calculate for a coated bead by measuring its velocity in a DC field with the laser trap off (see below), we are mainly interested in the electrophoretic force exerted on the coated bead by the electric field, F el , when the bead is in the laser trap. (We ignore the fact we are applying an AC field with a frequency Ͻ 1 kHz, because the time for a micrometer-size sphere to accelerate to its final velocity is Ͻ1 s (e.g., see p. 77 of Berg, 1983) . O'Brien and White (1978) provide the required solution. Noting that the differential equations required to describe the electrophoretic mobility of a particle are linear, they decomposed the FIGURE 3 Calibration of the laser trap. (A) A typical power spectrum (average of 20 0.5-s spectra) due to the Brownian motion of a 500-nmradius bead in the laser trap. The power spectral density is obtained from the voltage output of the quadrant diode illustrated in Fig. 2 . As described in the text, analysis of a power spectrum allows us to obtain values for both the detector sensitivity, ␤, and the trap stiffness, . (B) Determination of zeta potential. Applying a 160-Hz AC field to a coated bead in the calibrated laser trap produces this typical displacement power spectrum. The field-induced oscillation of the bead in the trap manifests itself as the peak in the power spectrum at 160 Hz. As we discuss in the text, the square root of the peak height is proportional to the zeta potential and, thus, the number of PIP 2 molecules on the bead. This figure depicts the average of 15 spectra, but we typically averaged only 3 spectra to improve the time resolution of our on-line measurement of the zeta potential (e.g., Fig. 6 C) . The beads used to generate the data in Figs. 3, 4 , 6, 7, and 8 were coated with a PC/PIP 2 bilayer (2% PIP 2 ) and suspended in a solution containing 10 mM HEPES, pH 7.0, 300 M EGTA, 200 M calcium, ϳ0.5 M free Ca 2ϩ .
problem of describing the mobility into two simpler problems. First, they calculate the force required to move the particle at a constant velocity with no applied field. Second, they calculate the force required to hold the particle fixed in the presence of an applied field, which by definition is F el in our field trap experiment. The total force acting on a particle is the sum of these two forces, which is zero for a particle moving with a constant velocity. The first force is the hydrodynamic drag, which is the Stoke's drag given by Eq. 2, 6rv, for our spherical coated bead. For the free particle, we have F el ϭ 6rv; combining this equation with Eq. 7 we obtain the following relation between F el and the zeta potential:
Thus, by continuously measuring the peak amplitude at f ext in the sequence of power spectra produced (e.g., Fig. 3 B) , it was possible to monitor the zeta potential online. As we discuss below (see Eq. 9), the zeta potential is, to a first approximation, proportional to the charge density of the bilayercoated bead. Thus, the initial zeta potential of Ϫ55 mV corresponds to the 90,000 PIP 2 molecules present on the coated bead before the addition of PLC, and the decay of the zeta potential we observe with time (e.g., Fig.  6 C) reflects a proportional decay in the number of PIP 2 molecules on the bead.
Experimental tests of the calibration procedure
Before and at the end of each experiment we determined the zeta potential in the conventional manner by measuring the velocity of the coated bead in a known DC electric field. Specifically, we released the laser trap, visualized the bead on a screen with the CCD camera shown in Fig. 2 , applied a DC field (typically 2 V/cm) for 5 s, and measured the distance the coated bead moved in this time (typically, ϳ50 m before addition of PLC). We then reversed the field and measured the distance moved by the bead in the reverse direction, whereupon the bead was again trapped and the experiment continued. We always observed an agreement (within the experimental 5% accuracy of the DC measurements) between the zeta potential measured in the conventional way and the zeta potential measured using the field/trap apparatus. This controls for several potential artifacts that could have arisen during the field/trap experiment. The combination of Eqs. 6 and 8 predicts that the displacement of the bead in the trap varies linearly with the applied electric field. (In other words, the stiffness of the trap should be a constant.) Fig. 4 illustrates that there is indeed an excellent linear relationship between the magnitude of the applied field (the applied voltage drops over the 4.8-cm length of our chamber) and the amplitude of the bead vibration (Ͻ30 nm) measured using data such as those illustrated in Fig. 3 B. This result is consistent with reports from other laboratories. Using similar conditions (600-nm-diameter bead; f c ϭ 544 Hz), Svoboda and Block (1994) noted that the stiffness was constant out to 150 nm, beyond which it decreased. The typical correlation coefficient for the displacement/voltage curves (e.g., Fig. 4 ) was Ͼ0.99.
Under our conditions, is approximately proportional to the number of negatively charged PIP 2 molecules on the outer leaflet of the coated bead. Gouy-Chapman theory suggests and experiments confirm (e.g., McLaughlin, 1989 ) that the zeta potential (which is approximately equal to the surface potential under our conditions) is
where e is the electronic charge, is the fixed charge density (charge/area on outer leaflet), and N is the number of ions per unit volume in the bulk solution. To the extent that sinh x ϭ x is a valid approximation, Eq. 9 predicts the zeta potential of the coated beads is proportional to the number of PIP 2 molecules per unit area in the outer leaflet. The points at the left of Fig. 5 show that under our experimental conditions (mole fraction of PIP 2 Յ 2%) the zeta potential of a multilamellar PC/PIP 2 vesicle or coated bead (data not shown) is approximately proportional to the mole fraction of PIP 2 .
As a control, we compared the zeta potential of multilamellar PC/PIP 2 vesicles containing 2% PIP 2 (Fig. 5 ) measured in a conventional DC microelectrophoresis apparatus designed by Bangham et al. (1958) with the zeta potential of the coated beads measured in the field trap apparatus (Fig.  6 C or Fig. 7) . Finally, we note [Ca 2ϩ ] Ͼ 1 M decreases the magnitude of the zeta potential (Fig. 5) ; thus, we used a free calcium concentration of ϳ0.5 M for our experiments. Calcium ion concentrations Ͼ 2 M also cause irreversible aggregation of the coated beads in our 10 mM HEPES solution (not shown); presumably calcium ions can chelate PIP 2 lipids on adjacent bilayers.
Detection limit of the field/trap apparatus
The detection limit of the field/trap apparatus is reached when the electrophoretic displacement (i.e., the peak observed at 160 Hz in Fig. 3 B) becomes lost in the Brownian noise. For a discrete power spectrum, the width of a frequency channel ⌬f ϭ 1/t tot , where t tot denotes the total measurement period. The mean square deviation of fluctuations at a given frequency is ͗x 2 ͘ fϭfo ϭ S x (f ϭ f o )⌬f (e.g., Svoboda and Block, 1994) . Hence the minimum detectable electrophoretic force occurs when ⌬x el ϭ (͗x 2 ͘ fo ) 1/2 . Using Eqs. 3, 4, and 6, we obtain
From Eq. 8 we have that the minimum zeta potential:
For our system, ϭ 0.001 kg/(m s), k B T ϭ 300 ϫ 1.3 ϫ 10 Ϫ23 J, ⑀ r ⑀ o ϭ 80 ϫ 8.85 ϫ 10 Ϫ12 C 2 /(Jm), E ϭ 100 V/5 cm ϭ 2000 V/m, r ϭ 0.5 ϫ 10 Ϫ6 m, and t tot ϭ 0.5 s, giving a minimum zeta potential Ϸ 1 mV discernable above the noise level. This analysis agrees well with an inspection of Fig.   FIGURE 4 The amplitude of the voltage-induced displacement of a bilayer coated silica bead versus applied voltage. We used data averaged from 15 power spectra, as illustrated in Fig. 3 B, to obtain the displacement, which is proportional to the applied voltage (correlation coefficient Ͼ 0.99). The size of the square symbols is equal to the average SD of 10 measurements. We estimate we can deduce the displacement (or zeta potential) to an accuracy of ϳ1-2% by applying a voltage of 100 V to our coated beads and averaging 3 power spectra, a process that takes ϳ3 s.
3 B: the peak at 160 Hz rises ϳ10 3 -fold above the background, and the zeta potential (Ϫ55 mV) is proportional to the square root of this peak, suggesting we should be able to detect a potential of ϳ55/(1000) 1/2 or ϳ2 mV. This corresponds to ϳ2000 PIP 2 molecules. In some cases (low PLC concentration) we followed the change in zeta potential for ϳ1 h. In control experiments we found that the setup was stable within 3 mV over 1 h. Fig. 6 illustrates the first biophysical application of lasertrap-based microelectrophoresis: the field/trap apparatus can accurately record the hydrolysis of PIP 2 by a few membrane-bound PLC-␦ enzymes (ϳ100 membrane-bound PLC-␦ enzymes for 1 nM PLC in the aqueous phase; see Appendix I). Fig. 6 A shows the power spectrum of a bilayer-coated silica bead in a laser trap with an applied AC electric field that has a maximum value of 100 V/4.8 cm Ϸ 20 V/cm. Note the peak in the power spectrum at 160 Hz, which corresponds to the displacement of the bead in the field. The square root of the height of this peak is proportional to the net electrophoretic force exerted by the field on the bead. Thus, it is also proportional to the zeta potential (Eq. 8), which our field/trap measurements show is Ϫ55 mV (Fig. 6  C) . To within a 20% approximation (see Eq. 9), the zeta potential is proportional to the fixed charge density on the FIGURE 5 Effect of calcium ions on the zeta potential of PC/PIP 2 multilamellar vesicles. These measurements were conducted in a conventional DC microelectrophoresis apparatus described by Bangham et al. (1958) . The three data points at the left of the graph (free [Ca 2ϩ ] Ͻ 10 Ϫ7 M) demonstrate that the zeta potential of a PC/PIP 2 vesicle depends, to a first approximation, linearly on the mole fraction of PIP 2 in the vesicle over the range 0 -2% PIP 2 . The relationship is given more exactly by the Gouy equation, Eq. 9. ƒ, F, and E, measurements with vesicles formed from PC, PC/PIP 2 with 1% PIP 2 , and PC/PIP 2 with 2% PIP 2 , respectively. The figure also illustrates that free [Ca 2ϩ ] Ͼ 1 M significantly deceases the zeta potential of the PC/PIP 2 (2% PIP 2 ) vesicles by binding to PIP 2 . The aqueous solutions contained 10 mM HEPES (ionic strength ϳ3 mM), pH 7.0, 150 M EGTA, at 25°C, and Ca 2ϩ to bring the free [Ca 2ϩ ] to the indicated value, as measured directly by a calcium electrode.
RESULTS
Monitoring the activity of PLC-␦ enzymes with field/trap apparatus
FIGURE 6 Effect of PLC-␦ on the zeta potential of bilayer-coated silica beads as measured in the field/trap apparatus. The experimental approach is described in detail in Materials and Methods. Briefly, we used a tightly focused laser beam to trap a 500-nm-radius silica bead coated with a PC/PIP 2 bilayer (Fig. 1 A) , then applied an AC electric field and monitored the displacement of the bead (⌬x in Fig. 1 A) using a fast quadrant diode (Fig. 2) . Using our calibrations of the stiffness of the trap and the sensitivity of the diode detector (Fig. 3 A) , we calculated the net electrophoretic force on the coated bead (F el in Fig. 1 A) from the displacement, ⌬x (Fig.  3 B) . F el is proportional to the zeta potential, (Eq. 8), which is approximately proportional to the number of PIP 2 molecules on the outer leaflet coating the bead (Eq. 9). We follow the decline of as a function of time as the bead is exposed to PLC-␦, which hydrolyzes the negatively charged lipid PIP 2 to produce the neutral lipid diacylglycerol (Fig. 1 B) . (A) Power spectrum of a bead coated with PC/PIP 2 , 2% PIP 2 , when an AC field of 160 Hz is applied. The square root of the height of the peak at 160 Hz is proportional to the zeta potential. (B) Power spectrum of the same bead after exposure to 9 nM PLC-␦ for 500 s. (C) Online measurements of the zeta potential of coated beads exposed to 1 nM, 3 nM, or 9 nM PLC-␦. The cross-channel containing the enzyme solution (Fig. 2 ) was opened at t ϭ 0, allowing the solution to flow past the bead. The zeta potential was calculated from the height of the peak at 160 Hz from power spectra like those shown in A and B. Two beads coated with a PC/PIP 2 bilayer (2% PIP 2 ) were measured at each of the three PLC-␦ concentrations.
outer monolayer coating the bead or to the number of PIP 2 molecules it contains, which in these experiments is 90,000 (assuming each lipid occupies 70 Å 2 ) before addition of PLC-␦. Fig. 6 B shows the power spectrum of the coated bead after exposure to 9 nM PLC-␦ for 500 s. The ϳ100-fold decrease in the peak at 160 Hz corresponds to an ϳ10-fold decrease in both the zeta potential (from Ϫ55 mV to ϳϪ5 mV) and the number of PIP 2 molecules on the bead. Fig. 6 C illustrates experiments in which the field/trap apparatus was used to follow the zeta potential as a function of time after exposing the trapped bead to the solution containing PLC-␦ (1, 3, or 9 nM); results obtained with two different beads at each concentration are shown to illustrate the reproducibility of the measurements. Before opening the cross-channel containing the PLC-␦ solution (t Ͻ 0 s), the zeta potential is constant as a function of time. Once the cross-channel was opened (t ϭ 0), we obtained a zeta potential measurement every 3 s (average of three power spectra); these data are connected by the continuous lines in Fig. 6 C. Our interpretation of the results shown in Fig. 6 C is that PLC-␦ produces a marked, concentration-dependent decrease in the zeta potential by hydrolyzing the negatively charged lipid PIP 2 and producing the neutral lipid diacylglycerol (Fig. 1 B) .
Several control experiments support this interpretation. First, if we omit PLC-␦ from fluid flowing in the crosschannel, the zeta potential remains constant (within ϳ3 mV) for thousands of seconds (data not shown). Second, altering the flow velocity of fluid in the cross-channel does not affect the displacement of the coated bead produced by the electric field. (Cross-channel fluid flow does cause a measurable displacement of the bead in the trap perpendicular to the applied field, but this does not affect our measurements.) Third, the rate of hydrolysis produced by 3 nM PLC-␦ decreases ϳ10-fold when the free [Ca 2ϩ ] is decreased ϳ10-fold (from ϳ0.5 M to ϳ0.05 M), as expected for this calcium-dependent enzyme. Additional control experiments showed that 2 mM dithiothreitol, added to the cross-channel solution to prevent deterioration of the enzyme, did not affect the zeta potential of the coated beads, as expected for a neutral molecule. Fourth, we also measured the zeta potential in the conventional manner, determining the velocity of each bead shown in Fig. 6 C in a DC electric field at the beginning and end of the experiment, and the results always agreed with the zeta potential determined from the field/trap measurements. Furthermore, the initial zeta potential of a coated bead measured in our field/trap apparatus (Ϫ55 mV, Fig. 6 C) agreed with the zeta potential of multilamellar vesicles measured in a conventional microelectrophoresis apparatus (Ϫ56 mV, Fig. 5) , which controls for a number of potential artifacts.
Control experiments also show that the action of PLC-␦ does not depend strongly on the ionic strength of the solution: the rate of PLC-catalyzed hydrolysis of PIP 2 , determined in conventional radioactive assays, is similar in solutions of 100, 10, and 1 mM ionic strength (data not shown). Thus we can extrapolate results shown in Fig. 6 , which were obtained in a 10 mM HEPES solution (ϳ3 mM ionic strength), to more physiological salt concentrations.
Kinetics of PLC-␦
What do we learn from these measurements? Fig. 7 shows the progress curve (changes in zeta potential or percent PIP 2 hydrolyzed versus time) for one of the beads exposed to 9 nM PLC-␦. Note that the decay cannot be described by a single-exponential function (dashed line); this is also true for the data obtained using 3 nM PLC-␦. A simple theory (Appendix II) takes into account previous structural and kinetic work showing that the enzyme requires two PIP 2 molecules: one binds to the PH domain of PLC-␦, attaching the enzyme to the surface (high-affinity binding), and the second interacts with the catalytic domain and is hydrolyzed (weak-affinity binding). In this dual-substrate model, the initial rate of hydrolysis should depend on the square of the surface concentration of PIP 2 (at least for low [PIP 2 ]), and the data in the literature are consistent with this model (Cifuentes et al., 1993; Wang et al., 1996; Bromann et al., 1997) . The progress curve for such an enzyme should not be a single exponential but should decay with time as 1/(c ϩ kt) (Appendix II). This expression (Fig. 7 , solid line) does FIGURE 7 Enzyme kinetics measured on a single bilayer-coated silica bead. The zeta potentials (E) determined experimentally from one of the coated beads exposed to 9 nM PLC-␦ (Fig. 6 C) are plotted as a function of time. An analysis using a single-exponential fit (---) does not describe the data well. An equation based on second-order kinetic theory (see Eq. 12) predicts that the zeta potential should decay as ␣/(c ϩ kt), where ␣, c, and k are constants. This equation provides a better fit to the data (--).
describe our data better than a single exponential (Fig. 7 , dashed line). Fig. 8 shows how the initial slopes of the curves in Fig. 6 C depend on the concentration of PLC-␦. The data can be described by a linear function, as expected from the known structure of the enzyme, the expectation that PLC-␦ acts as a monomer, and previous work. The average of the slope from 15 experiments is ϳϪ0.1 mV/s per nM PLC-␦, close to the value shown in Fig. 8 . Using this number and estimating the number of bound PLC-␦ molecules, we can calculate the rate at which a single membrane-bound PLC-␦ hydrolyzes PIP 2 . Specifically, in a 1 nM PLC-␦ solution, we estimate ϳ100 PLC-␦ molecules bind initially to the surface of the coated bead, and the measured decline in the zeta potential of 0.1 mV/s implies hydrolysis of ϳ200 PIP 2 /s ( Ϸ Ϫ50 mV corresponds to ϳ10 5 PIP 2 molecules). Thus, a membrane-bound PLC-␦ catalyzes hydrolysis of ϳ1 PIP 2 /s under our conditions (0.5 M free calcium). This calculation agrees well with published measurements using unsupported phospholipid bilayer vesicles or monolayers under comparable conditions (for reviews see Singer et al., 1997; Katan and Williams, 1997; Rhee et al., 2000) . We are encouraged that our results, to our knowledge, the first reported use of supported membranes to study phosphoinositide-specific phospholipases, agree with the studies of this well characterized enzyme using the better established unsupported vesicle, monolayer, and micelle model systems.
PLC-induced PIP 2 hydrolysis is proportional to [PLC]
DISCUSSION
This report focuses on describing the field/trap apparatus and demonstrating that it can provide useful information about a well-studied enzyme, PLC-␦. Fig. 6 shows that the apparatus can be used to follow the PLC-catalyzed hydrolysis of PIP 2 on a single bilayer-coated silica bead. The initial rate of hydrolysis is proportional to the [PLC] (Fig.  8) , as expected from previous work. Reducing the free concentration of Ca 2ϩ 10-fold decreases the initial rate of hydrolysis ϳ10-fold, an important control measurement for this calcium-dependent enzyme. The rate at which PLC-␦ catalyzes hydrolysis of PIP 2 on bilayer-coated beads is similar to the rate obtained using vesicles and monolayers. Finally, the progress curve for PLC (Fig. 7) is not a single exponential, but decays with time as 1/(c ϩ kt), as expected for an enzyme with second-order kinetics (see Appendix II).
Advantages of the field/trap apparatus
What are the advantages of the field/trap apparatus over conventional methods used to study enzyme kinetics? First, measurements can be made rapidly: the zeta potential measurements illustrated in Fig. 7 were obtained online every 3 s from an average of three power spectra. A related advantage is the system allows rapid mixing, with a dead time of ϳ1 s. Second, the measurements are accurate and reproducible, as illustrated by the data in Figs. 4 and 6 C, and allow us to determine how the fraction of PIP 2 in the membrane changes with time (Fig. 7) . Third, measurements are made with a single bilayer. This was particularly important for PLC-␦ because factors such as a possible slow exchange of enzyme between vesicles have confounded previous attempts to obtain progress curves for this enzyme. Fourth, the system allows continuous flow of the PLC-␦ solution past the coated bead, replenishing any PLC-␦ lost onto the walls of the chamber and carrying away the hydrolysis product IP 3 , which inhibits the enzyme. The flux of IP 3 through the ϳ1-m Nernstian unstirred layer is rapid. Fifth, the field/trap system can measure activity using unlabeled enzyme and substrate. In contrast, conventional enzymology measurements require radioactive, fluorescent, or other labels for detection. Sixth, and most importantly, the field/trap apparatus we describe might be refined to allow single-molecule enzymology measurements.
Comparison of supported versus conventional bilayers
We used bilayer-coated silica beads for the field/trap experiments for two reasons: first, the laser trap works efficiently FIGURE 8 Relationship between the initial slope of the kinetic curves and enzyme concentration. As expected theoretically, the initial slopes of the kinetic curves (E), determined by fitting Eq. 12 to the data in Fig. 6 C, are proportional to the [PLC] . The straight line is the least-squares best fit to the data. Analysis of data from these and other similar experiments (not shown) gives an average slope ϳϪ0.1 mV/s per nM PLC.
with the coated beads due to the high refractive index difference; second, the radius of the bead is known, which facilitates analysis of the data. The question arises, however, of whether PLC-␦ activity on a glass-supported bilayer is comparable to activity seen on other model systems such as phospholipid vesicles or monolayers. We know of no other published data measuring lipase activity on a glass-supported bilayer membrane. SUVs have been used to form a single continuous membrane on planar glass surfaces (Brian and McConnell, 1984) ; Bayerl and Bloom (1990) pioneered the use of bilayer-coated silica beads for NMR studies. The bilayer deposited on silica beads is fluid (Köchy and Bayerl, 1993) , and it is assumed to close up on a silica bead because phospholipids were found to completely wet the glass surfaces (Nissen et al., 1999) . Nevertheless, the silica substrate could induce artifacts due to submicroscopic defects, lateral tension, asymmetry, or enhanced flip-flop rates in the supported bilayers. Although more work is required to validate the use of supported membranes in the study of enzyme kinetics, our results are encouraging because the kinetics of PLC-␦ on a supported bilayer are comparable to those observed in a free vesicle system.
Single-molecule enzyme measurements?
There are several ways (e.g., reducing n, the number of PIP 2 molecules on the bead; increasing the enzyme's turnover number; or increasing the applied field) the field trap apparatus might be refined so that a single membrane-bound PLC-␦ could be observed hydrolyzing most of the PIP 2 on a bead in a reasonable time (Ͻ10 3 s). Single-molecule studies of other enzymes have provided a deeper understanding of the kinetic mechanisms that underlie their behavior. Xie and Lu (1999) reviewed how a subtle analysis of single-molecule fluorescence measurements with cholesterol oxidase revealed dynamic disorder, i.e., slow conformational motions that influence enzyme function. Edman and Rigler (2000) consider the memory landscapes of single-enzyme molecules. PLCs are complicated enzymes with PH, EF hand, and C2 as well as catalytic domains. Like cholesterol oxidase, they may well exhibit slow conformational alterations at the membrane interface that affect enzyme activity. If so, the field/trap apparatus might detect these changes.
Kinetic measurements with single PLC-␦ molecules could be confounded by the rapid adsorption/desorption of the enzyme from individual PIP 2 binding sites on coated beads. The PH domain of PLC-␦ dissociates from PIP 2 with an off constant of ϳ10/s, equating to a lifetime of ϳ0.1 s (Hirose et al., 1999) . Assuming the lifetime of the intact PLC-␦ is similar, a rate of 10/s implies the enzyme will hydrolyze, on average, only one PIP 2 before desorbing. Thus, the conventional picture that PLC-␦ remains bound to the surface through its PH domain, and scoots along the surface hydrolyzing many PIP 2 molecules (e.g., Cifuentes et al., 1993; Yagisawa et al., 1998) , may require a slight revision. Berg (1983) in his analysis of diffusion adjacent to a surface noted that when a molecule diffuses a distance x from the surface of a sphere of radius r, it will revisit the sphere an average of r/x times before wandering away permanently (see also Goldstein and Dembo, 1995; Lagerholm and Thompson, 1998) . Thus, when PLC-␦ desorbs from one PIP 2 and moves 1 nm from the surface of a 500-nm-radius sphere, it will revisit the sphere ϳ500 times, where it is likely to encounter and adsorb to another PIP 2 and hydrolyze more lipid before random walking away for good. A similar phenomenon probably occurs at the plasma membrane. The ability to readily modify and express enzymes such as PLC-␦, combined with knowledge of their structure, should allow investigators to modify PLC-␦ to attach it to a membrane more strongly. In principle, one could then dissect out the kinetics of adsorption/desorption phenomena from any interesting conformational changes.
Other uses for the field/trap apparatus
We envision other potential uses for the field/trap apparatus. For example, it could be used to study the activation of PLC-␤ by a G protein on a membrane (Rhee et al., 2000) , the action of a phosphatidylinositol 3-kinase to form a more negatively charged phosphoinositide (Stephens et al., 2000; Rameh and Cantley, 1999) , or the phospholipase D-catalyzed hydrolysis of zwitterionic PC to form negatively charged phosphatidic acid (Sciorra et al., 2000) . These enzymes all change the charge of a membrane-bound substrate. More generally, any biophysical process that changes the surface charge of a bead can be followed. For example, the field/trap apparatus could be used to study adsorption of polyelectrolytes to membranes or glass. Finally, it may prove useful to study fundamental phenomena in colloid chemistry, such as relaxation of the double layer. Palberg et al. (1999) have already combined laser trapping and electrophoresis to investigate the electrokinetic colloidal properties of polystyrene spheres. In this context, the bilayercoated silica beads used in our study might also be an appropriate model system for colloid studies, because, in contrast to the latex or polystyrene spheres that are often used (e.g., Russel et al., 1989) , the surface of a bilayercoated silica bead is smooth and the charge density is well defined.
APPENDIX I
Binding of PLC-␦ to PC/PIP 2 bilayers
We need to know the association constant, K (assuming a 1:1 complex), between PLC-␦ and PIP 2 when the phosphoinositide is present in a PC/PIP 2 bilayer to calculate how many enzyme molecules are bound to a bilayercoated bead. Rebecchi et al. (1992) reported K ϭ 4 ϫ 10 5 M Ϫ1 using PC/PIP 2 (2% PIP 2 ) vesicles, and Cifuentes et al. (1993) determined a value of K ϭ 7 ϫ 10 5 M Ϫ1 for vesicles with the same PC/PIP 2 composition.
These numbers straddle the value of K Ϸ 5 ϫ 10 5 M Ϫ1 that can be deduced from data reported by Wang et al. (1996) for PC/PE/PIP 2 vesicles containing 4% PIP 2 . The average of these three estimates is K Ϸ 5 ϫ 10 5 M Ϫ1 . These measurements were made in solutions of ϳ100 mM ionic strength: the binding may be stronger in our 10 mM Hepes (ϳ3 mM ionic strength) solutions. For the order of magnitude calculations that we wish to make in this paper, we assume that K ϭ 10 6 M Ϫ1 . Thus, when a solution containing 1 nM PLC-␦ flows past the trapped bead, ϳ100 PLC-␦ molecules adsorb to its surface (K ϫ [PLC-␦] ϫ n Ϸ 100).
The 1:1 association constant reported for the isolated PH domain of PLC-␦ with PIP 2 in a PC/PIP 2 vesicle is similar to that measured with the intact protein: Lemmon et al. (1995) reported K ϭ 5 ϫ 10 5 M Ϫ1 for PC/PIP 2 (5% PIP 2 ) vesicles using titration calorimetry, as did Hirose et al. (1999) using PC/PIP 2 (3% PIP 2 ) vesicles adsorbed to a BIAcore sensor chip. Although the binding of the PH domain to PIP 2 is important for the function of the enzyme (Yagisawa et al., 1998) , we do not wish to imply that the PH domain alone determines the binding of PLC-␦ to membranes; the catalytic domain should contribute some binding energy. Furthermore, recent work suggests that both the C2 (Lomasney et al., 1999) and EF hand (Yamamoto et al., 1999) domains may also contribute to the membrane binding in a calcium-dependent manner.
APPENDIX II
Kinetics of PLC-␦-induced hydrolysis of PIP 2
For a conventional enzyme, the rate of hydrolysis of a substrate, S, is proportional to the substrate concentration, d [S] /dt ϭ Ϫa [S] , where a is a constant. Thus, the progress curve (substrate concentration versus time) is a single exponential.
For PLC-␦ the substrate is membrane-bound PIP 2 . It is the membranebound form of PLC-␦ that hydrolyzes PIP 2 (Fig. 1) , and the binding of the noncatalytic PH domain to PIP 2 provides the major contribution to the binding energy (Appendix I). Thus, the rate of hydrolysis of PIP 2 should be proportional to the square of the surface concentration of PIP 2 in the membrane, [ 2 , where k is a constant. As discussed for second-order rate equations in standard texts (Voet and Voet, 1995 ) the solution to this equation is [PIP 2 ] ϭ 1/(c ϩ kt), where c is a constant equal to the reciprocal of the initial [PIP 2 ] on the bead. The zeta potential, , is approximately proportional to the surface concentration of PIP 2 (see Eq. 9), so the decay of for a bilayer-coated silica bead, monitored as a function of time in our field/trap apparatus, should have the same form. Specifically, if we use the approximation that sinh x ϭ x from Eq. 9, ϭ ␣[PIP 2 ], where ␣ is a constant given by Eq. 9. Thus:
We compared the predictions of this equation to the data we obtained from field/trap experiments (solid curve in Fig. 7) : it describes the kinetics of PLC-␦ more accurately than a single exponential (dashed curve in Fig. 7 ). There are, however, three simplifications to our analysis of the zeta potential data using Eq. 12. First, is proportional to the surface charge density, , or number of PIP 2 molecules on the bead, only when the potential is low; the Gouy equation, Eq. 9, gives the more exact relation. The maximum error introduced by assuming sinh x ϭ x in Eq. 9 is ϳ20% for x ϭ 1 or a zeta potential of Ϫ55 mV. Second, as hydrolysis proceeds and the zeta potential decreases (Fig. 6 C) , the equilibrium association constant of the PH domain of PLC-␦ and PIP 2 might decrease; thus, k in Eq. 12 might decrease with time. Third, as the zeta potential decreases, the local concentration of calcium in the diffuse double layer adjacent to the membrane will also decrease (Boltzmann factor), which may affect the activity of the enzyme. We ignore these complications in our kinetic analysis of the data. Additional work must be done to establish conclusively that the kinetics of PLC-␦ are described better by Eq. 12 than by a single exponential.
